F 2 and BC 1 populations derived from the cross between 02428 / Rathu Heenati were used to investigate small brown planthopper (SBPH) resistance. Using the F 2 population, three QTLs for antixenosis against SBPH were located on chromosomes 2, 5 and 6, and accounted for 30.75% of the phenotypic variance; three QTLs for antibiosis against SBPH were detected on chromosomes 8, 9 and 12. qSBPH5-c explaining 7.21% of phenotypic variance for antibiosis was identified on chromosome 5 using the BC 1 population. A major QTL, qSBPH12-a1, explained about 40% of the phenotypic variance, and a minor QTL, qSBPH4-a, was detected by the SSST method in both the F 2 and BC 1 populations. The QTLs indentified in the present study will be useful for marker assisted selection of SBPH resistance in rice.
Rice (Oryza sativa L.) is a staple food for more than 50% of the world population. Insect pests are major biotic constraints in rice production. The small brown planthoper (SBPH), Laodelphax striatellus Fallén (Homoptera: Delphacide), is one of the most destructive and wide spread insect pests throughout the main rice-growing areas in Asia. The adults and nymphs of SBPH are sapsuckers and the infested rice leaves turn yellow, wilt, and eventually die, resulting in yield losses and reduced grain quality. More importantly, the pest also transmits viral diseases, such as rice stripe virus (RSV) (Zhang et al. 2011) , and rice black-streaked dwarf virus (RBSDV) (Wang et al. 2010) , which often cause more severe yield losses than the actual feeding damage.
Protection against SBPH in past years mostly depended on insecticides. However, chemical control is both costly and environmentally harmful, and can also lead to pesticide resistance in the insect, natural enemy death and problems of pesticide residues in rice grain and straw. Resistant cultivars are recognized as the most economic and effective measure for controlling the insect. Resistant varieties are being developed by introgression of resistance genes and pyramiding resistance genes from different origins to increase the durability of resistance. Molecular markers closely linked to resistance genes could be helpful in molecular breeding of new resistance varieties.
So far, only a few SBPH resistance genes have been reported. Three SBPH resistance QTLs, Qsbph2b, Qsbph3d and Qsbph12a on chromosomes 2, 3 and 12 were detected using an F 2 population from a cross of Wuyujing 3 (japonica) and Mudgo (indica) (Duan et al. 2009 ). In another study, backcross inbred lines (BILs) from Nipponbare/Kasalath // Nipponbare, were used to detect QTL for SBPH resistance. In the standard seedling-box screening test (SSST), three QTLs (Qsbph3b, Qsbph11d, and Qsbph11e) were mapped on chromosomes 3 and 11. Three QTLs (Qsbph3c, Qsbph8 and Qbph11f ) conferring antixenosis were also detected on chromosomes 3, 8 and 11 (Duan et al. 2010 ). In addition, two QTLs, Qsbph2 and Qsbph11g on chromosomes 2 and 11, from 'Kasalath' expressed antibiosis against the pest (Duan et al. 2008) .
One major resistance gene was always short-lived due to adaptation of insect population in overcoming its effect. Quantitative resistance is therefore considered to be more durable. The SriLankan indica rice cultivar Rathu Heenati was shown to be resistant to all four known biotypes of brown planthopper (BPH) (Lakshiminarayana and khush 1977; khush 1978, 1979; ikeDa and kaneDa 1981) . Three QTLs Qbph3, Qbph4 and Qbph10 for resistance to this pest were detected on chromosomes 3, 4 and 10, and a major QTL, Qbph4, was designed as Bph17 (sun et al. 2005) . The same variety was found to Hereditas 000: 001-008 (2011) © 2011 The Authors. This is an Open Access article.
DOI: 10.1111/j.1601-5223.2011.02231.x be also resistant to SBPH (Duan et al. 2008) . In order to find more SBPH resistance genes, the object of this study was to identify resistance genes in rice variety Rathu Heenati.
MATERIAL AND METHODS

Plant material
Indica variety Mudgo and Japonica variety Wuyujing 3 were used as resistant and susceptible controls, respectively. Mapping populations of 162 F 2 and 150 BC 1 plants were derived from a cross of 02428 and Rathu Heenati (RH) and the backcross 02428 / Rathu Heenati // 02428; each F 2 and BC 1 individual was self-fertilized to obtain sets F 2:3 and BC 1 F 2 lines.
Small brown planthoppers
The small brown planthopper population used in the study was collected from rice fields in Nanjing, and maintained on wheat for four generations before being transferred to rice Wuyujing 3 under greenhouse conditions at Nanjing Agricultural University. The insects were confirmed to be non-viruliferous by a dot-immunobinding assay and PCR detection (Qin et al. 1994 ).
Evaluation of SBPH resistance
Modified standard seedling-box screening test (SSST) Soil was transferred to plastic cups 8 cm in diameter and 9 cm in height with and a hole in the base. All seeds were germinated at 30°C. Thirty germinated seeds per F 2:3 or BC 1 F 2 line were planted in the soil. Twenty eight cups, including resistant and susceptible control varieties, were randomly placed in a 65  44  14 cm plastic seedling-box and kept in water 2 cm deep. There were three replicates for each cultivar and line. Seedlings were grown in a greenhouse under natural light and ventilation conditions at 25  1°C. Fifteen small brown planthopper nymphs per plant (2nd and 3rd instars) were placed on each seedling at the 1.5-2 leaf stage. Scoring was done when approximately 90% of Wuyujing 3 seedlings had died, each line or variety was assigned a numerical score between 0 and 9 following a standard evaluation system used at IRRI (1988) . The mean value of three replicates was as the damage score.
Antixenosis test
Fifteen germinated seeds per line were sown to soil in plastic seedling-boxes; two rows per line. Seedlings were grown under natural light at 25  1°C in the greenhouse. At the 1.5-2 leaf stage, the seedling-boxes were transferred into cages covered with nylon nets, and then seven (2nd-3rd instar) small brown planthopper nymphs were placed on each seedling. There were three replicates for each cultivar and line.
The number of insects on each seedling was counted 24 h after infestation, and then dispersed evenly among the seedlings after counting every day. The average number of insects on each line was calculated and treated as the antixenosis value after 5 days scoring.
Antibiosis test Colorless 7 cm diameter and 17 cm high glass cups were used in this experiment. A hot solution (30 ml), containing 1 g agar, 100 ml H 2 O and 15 ml MS, was poured into each cup, and 5 germinated seeds were planted after the culture medium had cooled. There were three replicates for each cultivar and line. Seedlings were grown in the greenhouse at 25  1°C under natural light.
At the 1.5-2 leaf stage, 30 small brown planthopper nymphs (2nd-3rd instar) were placed on each seedling in each cup which was then covered by nylon net. The survival of nymphs in each cup was recorded each day for 10 days, and the average survival of insects on each line was calculated and treated as the antibiosis value.
Statistical analyses
Statistical analysis of data were performed using oneway ANOVA and significant differences were identified by the LSD test at P  0.05 using Excel ver. 2003 and SPSS Statistics ver. 17.0. c 2 -tests were performed to examine the goodness of fit between expected Mendelian ratios and SSR and phenotype data.
DNA extraction
Two to three hundred mg fresh leaves of each F 2 and BC 1 plant (and parents) were collected and put in a pre-cooled mortar. Liquid nitrogen was added and the tissue was ground to fine powder with a pestle and transferred into a 2.0 ml Eppendorf tube; 600 ml of extraction buffer (100 mM Tris-HCl pH 8.0, 50 ml EDTA-Na 2 , 500 mM NaCl, 1.25% SDS) were added and to the Eppendorf tube and the mixture was homogenized. The tube was incubated in a 65°C water bath for 30 min and shaken 3-4 times until the sample turned deep green. One hundred ml of KAC (5 mol l 21 ) solution was added, homogenized and incubated on ice for 30 min; 300-400 ml of chloroform:isoamyl alcohol (24:1) solution was added and shaken at 120 rpm for 30 min; centrifuging was done at 12 000 rpm for 5 min, and 200 ml of aqueous solution at the top was transferred to a new Eppendorf tube; 400 ml of chilled 99.9% ethanol (220°C) was added and incubated at 220°C for 20 min. Centrifuging was done at 12 000 rpm for 5 min; the supernatant decanted and washed with 70% alcohol to dry the (TaKaRa, Dalian) and 20 ng of DNA template, using a PTC-200 thermal cycler programmed at 95°C for 5 min, followed by 34 cycles of 30 s at 94°C, 30 s at 55°C, 40 s at 72°C and a final extension of 10 min at 72°C. Amplified DNA products were electrophoresed on 8% polyacylamide non-denaturing gels in 0.5  TBE buffer and detections were made by the silver staining method (sanguinetti et al. 1994) . The bands were scored on a light box lit with fluorescent lamps.
SSR mapping and QTL detection
Linkage groups were assembled using MAPMARKER 3.0 software at an LOD score of 3.0 (LincoLn et al. 1992 ). QTLs were detected by composite interval mapping (CIM) using Windows QTL Cartographer 2.5 software with LOD threshold of 2.2 and enabled significance of 0.05 (Basten et al. 2005 , www.statgen.ncsu.edu/ qtlcart ).
the 161 SSR markers; the average distance between markers was 11.8cM. A second map constructed for data from the 150 BC 1 lines covered 1, 720.7cM with an average marker interval of 10.7 cM. The orders of markers in the two maps were similar and in agreement with previously published maps (temnykh et al. 2000; mccouch et al. 2002) .
Identification and mapping SBPH resistance gene
The standard seedling-box screening test (SSST) and QTL identification The parents and control varieties were tested for SBPH response by the SSST method. The resistance values of Rathu Heenati and 02428 were 1.2  0.12 and 8.5  0.20, respectively; confirming that Rathu Heenati was highly resistant to SBPH and 02428 was highly susceptible. Rathu Heenati was more resistant than the resistant control, Mudgo (Table 1, Fig. 1a) .
The F 2 plants were classified into three classes: homozygous resistant (RR) for Rathu Heenati alleles, homozygous susceptible (rr) for 02428 alleles, and heterozygous (Rr). In the F 2 population, SBPH resistance scales were
RESULTS
Construction of linkage map
A total of 744 SSR markers, distributed across all 12 chromosomes, were used in a parental survey of polymorphism between Rathu Heenati and 02428. One hundred and sixty one markers (21.6% of all markers) polymorphic between the parents were used to assay the 162 F 2 lines and 150 BC 1 lines and to construct the molecular linkage map.
Using 162 F 2 lines from 02428 / Rathu Heenati, a molecular linkage map of 1907.7cM was constructed with The damage scores of 150 BC 1 F 2 lines infested with the insect ranged from 0.3 to 9.0 showing an apparent valley being around 6 in the distribution curve (Fig. 2a) (Table 3 ). These results indicated that a major dominant gene controlled the SBPH resistance in Rathu Heenati.
Five QTLs for SBPH resistance, designated qSBPH1-a, qSBPH2-a, qSBPH4-a, qSBPH12-a1 and qSBPH12-a2 were detected by 162 F 2 lines (Fig. 3) . In which, qSBPH1-a with LOD score of 4.45 was detected at location between RM323 and RM522 on the short-arm of chromosome 1, explaining 7.62% of phenotypic variance (PVE). qSBPH2-a at region of RM525-RM5916 on the long-arm of chromosome 2, with LOD scores of 2.40 and 4.20% of PVE; qSBPH4-a at location between RM451 and RM5473 on the long-arm of chromosome 4, with PVE is 9.08% and LOD score 3.77; qSBPH12-a2 on the short-arm of chromosome 12 at location between RM6288 and RM6296, distributed to a continuous range of 0.6 to 9.0, with the mean value 5.1, and two valleys appeared in 4 and 7 (Fig. 1a) . According to the score criterion in the seedling bulk test by IRRI (IRRI 1996) , the plants with scales within the ranges of 0-3, 3.1-6.0 and 6.1-9.0 were classified into three types as high resistance, moderate resistance and susceptible ( Three QTLs of antixenosis against SBPH were detected by 162 F 2:3 lines, such as qSBPH2-b1 at location between RM213-RM535 on the long-arm of chromosome 2, with a LOD score of 3.46 and 11.46% of PVE of antixenosis against SBPH; qSBPH5-b at region between RM592-RM574 on the chromosome 5, with a LOD score of 2.28 and PVE is 9.52%, and qSBPH6-b at location between RM30 and RM439 on the long-arm of chromosome 6, with a LOD score of 3.74 and PVE of 9.77% (Table 4 , Fig. 3 ).
Another QTL conferring antixenosis against SBPH, qSBPH2-b2 was mapped at the region between RM318-RM240 on chromosome 2 by 150 BC 1 F 2 lines, with LOD score of 2.28 and 6.6% of the phenotypic variance in this population, but indicated by the additive effect, resistant alleles at qSBPH2-b2 did not come from Rathu Heenati, but came from 02428 (Table 5, Fig. 3 ).
Antibiosis test and QTL mapping
The antibiosis values of Rathu Heenati and 02428 were 52.5% and 84.75%, respectively. The survival rate of nymphs were ranged from 52 to 92.67% in the F 2 population, and ranged from 41.27 to 89% in the BC 1 population. The results showed that minor genes controlling antibiosis resistance (Fig. 1c, 2c) . A total of three QTLs, designated qSBPH8-c, qSBPH9-c and qSBPH12-c, conferring antibiosis against SBPH were detected on chromosomes 8, 9 and 12 using 162 F 2:3 lines, in the region of RS413-RM4085, RM105-RM566 and RM277-RM519 with LOD score of 2.57 and 4.47% of PVE; and the major QTL namely qSBPH12-a1, was detected in location between RM519 and RM3331 on the long-arm of chromosome 12, with a high LOD score of 18.99 and it explained 37.84% of the phenotypic variance in F 2 population. As indicated by the additive effect, resistant alleles at qSBPH1-a, qSBPH2-a, qSBPH4-a, qSBPH12-a2 and qSBPH12-a1 came from 'Rathu Heenati' (Table 4) .
Two QTLs, qSBPH4-a and qSBPH12-a1 were also identified at the same region of RM451-RM5473, and RM519-RM3331 using BC 1 population (Fig. 3) , with LOD scores of 2.72, 34.96 and QTLs explained 1.49 and 40.04% of the phenotypic variance respectively. The two QTLs also came from Rathu Heenati (Table 5 ). These results indicated that a major QTL qSBPH12-a1 and some minor QTLs controlled Small brown planthopper resistance in Rathu Heenati.
Antixenosis test and QTL detection
The antixenosis values of Rathu Heenati and 02428 were 3.5 and 6.8, respectively. In the F 2 population, the values of antixenosis showed a continuous range of 2.9 to 10.2 in the distribution curve (Fig. 1b) . A continuous segregation was also observed in BC 1 population with a range of insect number from 3.4 to 10.7 and a valley of 6.0 in the distribution curve (Fig. 2b) . Both of the normal distribution of antixenosis values indicated that minor genes governed antixenosis resistance. Wu et al. 2010; Zhang et al. 2011) , and use of these resistance genes in rice breeding has reduced losses caused by RSV. RBSDV was only a sporadic disease in some rice-growing areas before 2004, but has become a more serious problem now. To date no source of RBSDV resistance has been found. Thus SBPH resistance will not only help to control SBPH, but may be a workable pathway for reducing losses caused by RBSDV.
Although SBPH and brown planthopper (BPH) are both piercing-sucking insects, none of the SBPH resistance genes in present study was located in the same interval as any of the three BPH resistance QTLs detected by sun et al. (2005) . This indicates the respective resistance mechanisms controlling resistance to SBPH and BPH in Rathu Heenati are different.
Rice-SBPH interaction as a complex phenotype, the evaluation of SBPH resistance is a difficult work; the results are usually affected by various factors. In order to identify reliable SBPH resistance genes, two mapping population were used in this study. In the F 2 population, a major QTL qSBPH12-a1 detected in the region RM519-RM3331 on chromosome 12L had a LOD score of 18.99 and explained 37.84% of the phenotypic variance; qSBPH12-c associated with antibiosis was also linked with RM519. Moreover, qSBPH12-a1 and qSBPH4-a were also detected in both F 2 and BC 1 population (Fig. 3) . But some minor QTLs were only detected in F 2 or BC 1 population; this can be due to the difference of genetic background between F 2 and BC 1 population. The above results indicated that the major-effect qSBPH12-a1, minor qSBPH4-a and some other minor genes governed small brown planthopper resistance in Rathu Heenati.
A number of major genes effective against brown planthopper were located on the long arm of chromosome 12, including bph2 in ASD7, mapped between SSR markers RM463 and RM7102 (Sun et al. 2006) ; Bph9 in Kaharamana between SSR markers RM5341 and RM463 ; and Bph18 identified on the subterminal region of chromosome 12L and flanked by the SSR marker
